Extremely specialized and long tongues used for prey capture have evolved independently in plethodontid salamanders and chameleons. In both systems, the demands on tongue projection are probably similar: to maximize projection velocity and distance. Consequently, many of the design features of the projection system in these two groups have converged to an astonishing degree. Both involve the use of power amplification systems based on helically wound muscle fibers that load internal connective tissue sheets as illustrated in previous studies. Demands imposed on tongue retraction, however, are different to some degree. Although in both groups there is a clear demand for retraction capacity (given the long projection distances), in chameleons there is an added demand for force because they eat large and heavy prey. As indicated by our data, plethodontid salamanders have extremely long tongue retractors with normal striated muscle. Chameleons, on the other hand, evolved long retractors of the supercontracting type. Interestingly, our data show that at least in chameleons, the extreme design of the tongue in function of prey capture appears to have consequences on prey transport, resulting in an increased dependence on the hyoid. In turn, this has lead to an increase in transportcycle duration and an increase in the number of cycles needed to transport prey in comparison with closely related agamid lizards. Clearly, extreme morphological specializations are tuned to functional and ecological demands and may induce a reduced performance in other functions performed by the same set of integrated structures.
Introduction
Morphological specializations are often assumed to be the result of natural selection on morphology in response to specific functional or ecological demands. For example, the long beaks or snouts of nectar-eating birds and bats are thought to be the result of coevolution between plants and their pollinators (Muchhala 2007a (Muchhala , 2007b . Animals with longer beaks and snouts will have a performance advantage because they are able to sample a wider range of flowers, including those with the deepest corollas (Fleming et al. 2005; Muchhala 2006 ). Additionally, many bats, birds, and bumblebees have developed long tongues that allow them to reach into the deepest flowers without needing extremely elongated heads (Muchhala 2006) .
The vertebrate tongue is an organ that is crucial to a wide variety of functions, including important roles in prey transport and swallowing, drinking, breathing, and even chemoreception and prey capture in some groups, such as lizards (Bels et al. 1994; Schwenk 2000; Herrel et al. 2001c ). Thus, specialization of the tongue may be constrained by functional trade-offs imposed by the different functions. For example, specialization of the tongue for chemoreceptive purposes in many lizards and snakes constrains its use in prey capture and transport, and thus alternative capture (i.e., jaw prehension) and transport (e.g., inertial transport) strategies have been developed (Schwenk 2000) . In other, animals such as anteaters (Redford 1985) , many frogs (Nishikawa 1999 (Nishikawa , 2000 , chameleons (Wainwright et al. 1991; Bennett 1992a, 1992b; Herrel et al. 2000) , and plethodontid salamanders (Deban 1997; Deban et al. 1997; Wake and Deban 2000) , the tongue has evolved into a highly specialized prey-capture organ.
If the tongue is used for prey capture, the functional demands imposed on it are clearly dependent on the distance of protrusion/projection and the size of prey that are captured. Tongue-extension length is probably relevant to predators because the further the tongue can be extended, the greater the number of prey that come within reach of the tongue without the need of predator movement, a feature especially crucial for cryptic sit-and-wait predators. Generally, two types of tongue extension are possible in vertebrates. Most commonly, the tongue functions as a muscular hydrostat. This mechanism depends on the active contraction of intrinsic muscles (Kier and Smith 1985; Smith 1988; Smith and Kier 1989) . Although such a system has the advantage of being accurate because it allows for online modulation, it is also slow, and its extension is directly limited by muscle shortening Nishikawa 2000; Meyers et al. 2004) . Alternatively, the tongue can be projected from the mouth and then lengthen under its own inertia. In ballistic systems, tongue extension is rapid but does not allow for modulation of the trajectory after release from the mouth. Tongue-extension length in such ballistic systems is probably limited by muscle stretch and the presence of connective tissue in the tongue (Peters and Nishikawa 1999; Nishikawa 2000) . Additionally, tongue extension will be determined by the "takeoff" velocity of the tongue from the mouth (Hill 1950; Marsh 1994; Aerts 1998) . Higher takeoff velocities are, in turn, dependent on the acceleration that can be imparted to the tongue, which is dictated by the ability of the musculoskeletal system to generate mechanical power (Lutz and Rome 1994; Aerts 1998; Askew and Marsh 2002; de Groot and van Leeuwen 2004; Lappin et al. 2006; Deban et al. 2007) .
However, if the tongue is projected from the mouth to a great length, this will also impose demands on the tongueretraction system. Muscle shortening of typical cross-striated vertebrate muscle is limited to 50% of its resting length (Huxley 1965; Gordon et al. 1966) . Thus, if ballistic projection involves extreme lengthening of the tongue as observed in chameleons, frogs, and plethodontid salamanders (Wainwright et al. 1991; Nishikawa 2000; Wake and Deban 2000) , then the retractor muscles will probably have to be very long. This may, however, limit the functional capacity of the tongue retractor when the tongue is used during prey transport and swallowing (Herrel et al. 2001a (Herrel et al. , 2002 . Near either end of its working range, the tongue retractor is faced with a decrease in its force-generating capacity because the muscle can be expected to be operating on the ascending and/or descending limb of its length-tension curve (i.e., decreased overlap between thick and thin filaments; Burkholder and Lieber 2001; Rome and Lindstedt 1997) .
Here, we review the design of the tongue in two groups of vertebrates that have independently evolved extreme tongueprojection and prey-capture behaviors: plethodontid salamanders and chameleons Herrel et al. 2000 Herrel et al. , 2001b Herrel et al. , 2002 . In doing so we aim to (1) explore whether functional demands imposed by the ecology and lifestyle of these animals have resulted in similar morphologies in these phylogenetically distantly related taxa and (2) investigate whether morphological specialization for extreme functional demands has limited the capacity of the tongue to function in other behaviors. In addition to reviewing the literature, we provide new data on the ultrastructure of the tongue retractors in Hydromantes and previously unpublished data on the use of the hyoid during prey transport in an agamid lizard (Pogona vitticeps) with a generalized tongue morphology compared with chameleons (Chamaeleo calyptratus and Furcifer oustaleti).
Material and Methods

Histology
The morphology of the hyobranchial system of Hydromantes italicus, Salamandra salamandra, Laudakia stellio, and Chamaeleo calyptratus was studied by serial cross sections. Laudakia stellio (an agamid lizard) and S. salamandra (a nonplethodontid salamander) were chosen for comparison because they are both nonspecialized but use their tongues for prey capture. Specimens were killed by an overdose of anesthetic (MS222 for the salamanders, Ketamine for the lizards), fixed in an 8% buffered formaldehyde solution, decalcified with Decalc 25% (HistoLab), dehydrated through an alcohol series, and embedded in Technovit 7100 (Kulzer-Heraus; C. calyptratus and H. italicus) or paraffin (L. stellio, S. salamandra). Series of semithin sections (2-5 mm) were cut using a Leica Polycut SM 2500, stained with a nonspecific toluidine blue (C. calyptratus) or tissue specific modified trichrome stain (S. salamandra, L. stellio, and H. italicus) , and mounted with DPX. Images of the sections were obtained using a digital camera (Colorview 8, Soft Imaging System) mounted on a Polyvar-Reichert light microscope and processed with Analysis Docu (Soft Imaging System, ver. 3.0).
Transmission Electron Microscopy
For transmission electron microscopy (TEM), the tongue retractors of an adult H. italicus (snout-vent length [SVL] 50 mm) were removed unilaterally. Tissue samples were removed from both the anterior and posterior parts of the muscle. Several small blocks of tissue taken from the middle part of the muscle were cut from the samples and thoroughly washed three times for 10 min in 0.1 mol L Ϫ1 sodium cacodylate buffer containing 7.5% saccharose and 0.05% calcium chloride. Next, the tissue was postfixed for 2 h at 4ЊC in 1% osmium tetroxide in 0.033 mol L Ϫ1 veronalacetate buffer containing 4% saccharose (pH 7.4). After postfixation, samples were rinsed three times for 10 min in 0.05 mol L Ϫ1 veronalacetate buffer containing 6% saccharose sodium cacodylate buffer (pH 7.4) and dehydrated through a graded series of ethanols. The samples were then embedded in Durcupan. Suitable longitudinal areas and cross sections of the striated muscle were selected on toluidine blue-stained semithin sections. Subsequently, ultrathin sections were stained with lead citrate and uranyl acetate and examined in a Philips CM10 electron microscope. Photographs were taken of all samples at different locations for several sections within each sample. Pictures were taken of both anteriorly and posteriorly located samples. The sarcomere length, filament lengths (thick and thin), and I-band thickness were measured for 30 sarcomeres using TPSdig software (Rohlf 2004) .
Kinematics and Feeding Behavior
) used for feeding trials were obtained from a N p 2 commercial dealer and transferred to the lab at the University of Antwerp. Animals were of similar size, the chameleons having an average lower-jaw length of mm and the 36.96 ‫ע‬ 1.25 Pogona having an average lower-jaw length of 34.96 ‫ע‬ 1.37 mm. The animals were kept in a vivarium on a 12L : 12D cycle and were offered crickets, grasshoppers, and waxworms ad lib. The environmental temperature varied from 34ЊC during daytime to 22ЊC at night. An incandescent bulb provided the animals with a basking place at higher temperature.
Video and Cineradiographic Recordings
Pogona vitticeps and C. calyptratus were filmed in lateral view at 25 Hz using a handheld digital camera (Sony DCR-HC22E). The animals were offered large grasshoppers (4 cm). Simultaneously, high-speed x-ray videos were recorded using a Philips Optimus x-ray generator coupled to a 14-inch image intensifier with two zoom modes (10 and 6 inch) and a Redlake Motion Pro 2000 camera ( pixels). Recordings of prey 1,248 # 1,024 transport were made in lateral view using the 6-inch zoom function at 250 frames per second for P. vitticeps and 200 frames per second for C. calyptratus. All experiments were approved by the Animal Care and Use Committee at the University of Antwerp.
Analyses
Video recordings were reviewed using Midas Player software (Redlake, San Diego, CA, ver. 2.1.7). Only feeding sequences in which all the transport cycles of one feeding sequence were present were retained for further analysis. Based on these recordings, the number of transport cycles needed to transport a grasshopper and the average duration of a transport cycle were calculated. Cineradiographic recordings were reviewed using Midas Player software (ver. 2.1.7). Only feeding sequences in which all phases of a transport cycle (SO, slow opening; FO, fast opening; FC, fast closing; SC, slow closing; see Fig. 1 ) were present were used in further analysis. Three landmarks were digitized using Didge (Image Digitizing Software, Alistair Cul- Figure 2 . A, Top, ventrolateral view on the hyolingual system in Salamandra salamandra; bottom, saggital section through the tongue of an S. salamandra. B, saggital section through the tongue of Laudakia stellio (modified after Herrel et al. 2005 ). In the stains, muscle and bone are colored red/orange, and connective tissue and cartilage are colored blue. lum, ver. 2.2.0). These landmarks included the anterior tip of the upper and lower jaw and base of the first ceratobranchial (Fig. 1) . Based on x-y coordinates of these markers, gape distance (distance between the jaw tips) and the displacement of the hyoid relative to the jaw during prey transport were calculated. Sixty intraoral transport cycles from seven different feeding sequences were analyzed for C. calyptratus, and 27 cycles from three feeding sequences for the first individual and 20 cycles from four feeding sequences for the second individual of F. oustaleti were analyzed. A total of 16 intraoral transport cycles from five complete feeding sequences were analyzed for two P. vitticeps.
Nested ANOVA with individual nested within group (agamids vs. chameleons) were used to test for differences in prey-transport kinematics between Pogona and the chameleons used in this study. Note that cycle-to-cycle and among-sequence variation is incorporated in the total individual variation and was not explicitly introduced as a factor in our analyses.
Results and Discussion
Salamanders
The tongue skeleton of terrestrial salamanders is composed of a series of articulating, mostly cartilaginous elements (Wake and Deban 2000) . The basibranchial lies medially and provides support for the tongue pad. On each side, a first and second ceratobranchial articulate with the basibranchial, and an epibranchial articulates with the caudal ends of the first and second ceratobranchials (Lombard and Wake 1977; Wake and Deban 2000; Deban and Dicke 2004) . The epibranchial in Hydromantes is greatly elongated in comparison with that of Salamandra (Lombard and Wake 1977; Wake and Deban 2000) . During tongue protrusion/projection, the tongue skeleton folds medially as it is pulled and pushed forward. Whereas in Hydromantes, the tongue skeleton is free and can be projected completely from the mouth, in Salamandra, the posterior part of the tongue skeleton does not leave the mouth.
The m. subarcualis rectus is the primary tongue-protractor muscle (Figs. 2, 3) . It originates broadly along the edge of the ceratohyal and runs posteriorly to the epibranchial. The rostral portion has a fiber orientation that can pull the tongue skeleton forward. The caudal portion forms an elongated sheath around the epibranchial with a helically wound segmented arrangement of short muscle fibers and is active on average 107-117 ms before tongue projection in the plethodontids Bolitoglossa dofleini and Hydromantes imperialis (Deban and Dicke 2004; Deban et al. 2007 ; Fig. 4) . In Salamandra, the m. subarcualis rectus does not form a sheath around the epibranchial but rather inserts along the posteroventral third of it. During tongue protrusion in Salamandra, the m. subarcualis rectus is active and pulls the epibranchial forward (Dockx and De Vree 1986; F. De Vree, personal communication) . In Hydromantes, connective tissue sheets are present within the m. subarcualis rectus posterior and between the muscle and the epibranchial, which are presumed to be deformed on contraction of the muscle and may thus have the potential to store elastic strain energy (Deban et al. 2007 ; Fig. 4 ). Tongue retraction in salamanders is accomplished by the m. rectus cervicis posterior, which is a long straplike muscle that originates on the pelvis and inserts into the tongue pad (Deban and Dicke 1999; Figs. 2, 3) . In Hydromantes species, a portion of the m. rectus cervicis posterior lies in a loop in the throat just in front of the heart when the tongue is at rest (Lombard and Wake 1977; Deban et al. 1997) . In both Salamandra and Hydromantes, the muscle is activated before prey contact and remains active throughout tongue retraction (Dockx and De Vree 1986; Deban and Dicke 1999; F. De Vree, personal communication) .
TEM data of the m. rectus cervicis collected specifically for this study show that the muscle is composed of typical crossstriated vertebrate muscle (Fig. 5) . Neither anterior nor pos- terior samples show supercontracting muscle fibers. Sarcomere lengths are slightly shorter than typical vertebrate sarcomeres ( mm ; Table 1 ) with fairly typical I bands ( 1.74 ‫ע‬ 0.06 0.33 ‫ע‬ mm). Filament lengths also do not deviate greatly from 0.06 the typical vertebrate pattern (thick: mm; thin: 1.41 ‫ע‬ 0.02 mm). Interestingly, the length of the tongue re-0.81 ‫ע‬ 0.03 tractor of Hydromantes is slightly longer than the tongueprotrusion length (80% of body length; see Table 1 ), suggesting that it can indeed operate using a typical vertebrate skeletalmuscle sarcomere structure contracting to approximately 50% of resting length. However, near full extension and retraction, the force output of the muscle is probably reduced.
Lizards
The tongue skeleton of the lizards examined here consists of a centrally positioned entoglossal process and three pairs of articulating elements in Pogona but only two pairs in Chameleo. Chameleons differ from agamid lizards by the presence of an elongated and parallel-sided entoglossal process, the absence of the second pair of ceratobranchials, a reduction of the length of the ceratohyals, and an anteriodorsad rotation of the first pair of ceratobranchials (see Herrel et al. 2001b) . During tongue protrusion, the tongue skeleton is protracted, and the ceratobranchials are folded backward by the combined action of the mandibulohyoideus and sternohyoideus muscles Bennett 1992a, 1992b; Meyers and Nishikawa 2000) . In agamid lizards, the hyoid is also protracted, but to a lesser degree (Schwenk 2000) . Neither in chameleons nor in agamids does the tongue skeleton leave the mouth entirely on tongue protrusion/projection.
The main tongue-protractor muscles in agamid lizards consist of the paired lateral, medial, and internal mm. genioglossi, which run from the mandible to the tongue ( Fig. 2 ; Herrel et al. 1995; Meyers and Nishikawa 2000) . Additionally, the socalled ring muscle causes forward sliding of the tongue on the tapered entoglossal process (Smith 1988; Herrel et al. 1995) . Hyoid protraction is achieved by the action of the paired mandibulohyoideus muscles (Herrel et al. 1995; Meyers and Nishikawa 2000) . Tongue retraction is achieved by activity of the m. hyoglossus, which runs from the first ceratobranchial into the tongue. Simultaneously, the hyoid is retracted by the paired hyoid retactors (m. sternohyoideus superficialis and profundus, m. omohyoideus), which run from the pectoral girdle to the hyobranchium (Herrel et al. 1995; Meyers and Nishikawa 2000) . The major difference in chameleons compared with agamid lizards is the shift in insertion of the mm. genioglossi from the tongue to the floor of the mouth (Herrel et al. 2001b ). Thus, tongue protrusion/projection in chameleons is achieved solely by the activity of the m. accelerator (the homologue to the ring muscle in agamids; see Bennett 1992a, 1992b) . Protrusion of the hyobranchium in chameleons is achieved by the mm. mandibulohyoidei, as is the case in agamids (Wainwright and Bennett 1992a; Herrel et al. 1995) . The m. accelerator consists of helically wound short muscle Note. Table entries A review of the literature shows that the tongue retractor in chameleons is unusual, as it is composed of supercontracting muscle fibers characterized by perforations in the Z disks (Fig. 5; Rice 1973; Herrel et al. 2001a Herrel et al. , 2002 . It is complexly folded in rest (Fig. 3) , and its length is about half that of the body (Table 1) . However, on projection, the muscle can be stretched up to four times its resting length, given that tongue-projection distances of up to two body lengths are not uncommon in many chameleons (Wainwright et al. 1991; A. Herrel, personal observation) .
Convergence in Morphology and Design
The degree of convergence in the tongue-projection system in chameleons and plethodontid salamanders is striking. Independently, both groups have evolved similar tongue-projection systems relying on power amplification. Given similar functional demands but a radically divergent Bauplan, evolution has resulted in a remarkably similar solution in the mechanics (power amplifier) and morphology (helically wound muscle surrounding cartilaginous structure with circular connective tissue sheets that are preloaded and can store elastic energy; see Fig. 4 ). The difference in the projection system lies in the details. Whereas the tongue-protractor muscle is shot out of the mouth in the chameleons, the muscle remains inside the body in the plethodontids, and the hyobranchium with adhering tongue is propelled from the mouth. Although both systems are clearly high-performance systems, salamanders appear to be generating substantially higher power outputs during tongue projection (de Groot and van Leeuwen 2004; Deban et al. 2007 ). However, this may be partially a scaling effect, because smaller animals are expected to produce higher power outputs (Hill 1950) . Clearly, an analysis of tongue projection in juvenile chameleons or dwarf chameleons of the genus Brookesia or Rhampholeon could shed light on this.
Tongue retraction clearly involves different morphologies associated with the different mechanical demands. Whereas in chameleons, there is a demand for both force production (chameleons are known to eat relatively large prey; see Luiselli and Rugiero 1996; Pleguezuelos et al. 1999; Herrel et al. 2000; Keren-Rotem et al. 2006) and retraction capacity (the tongue can be extended up to 200% of body length), plethodontids eat relatively smaller prey (up to 3% of body mass; see Lynch 1985; Larsen et al. 1989; Vignoli et al. 2006) and do not extend their tongues that far (Wake and Deban 2000) . Consequently, different solutions are presented to the problems associated with tongue retraction in the two groups. In the plethodontids, the retraction system is characterized by an extremely elongated tongue-retractor muscle that attaches onto the pelvis and, in rest, lies in a loop in front of the heart ). Tongue retraction is relatively rapid compared with chameleons, sometimes taking as little as 30 ms. In chameleons, on the other hand, the muscle is also relatively long but is characterized by the presence of supercontracting muscle fibers that allow cross-bridge cycling and thus force production beyond the limits of typical cross-striated vertebrate muscle (Rice 1973; Herrel et al. 2001a Herrel et al. , 2002 . Tongue retraction, however, is much slower in chameleons ‫003ע(‬ ms; Wainwright et al. 1991) .
Despite the differences mentioned above, there are also a number of similarities in the retraction systems of both groups. Clearly, both plethodontid salamanders and chameleons have evolved long retractor muscles that are folded at rest and have broad length-tension curves. Because the tongue retractors need to generate force throughout tongue retraction, in chameleons, they developed supercontracting sarcomeres. Plethodontids, on the other hand, benefited from the design of generalized salamanders, as illustrated by Salamandra; these animals also have a long tongue-retractor muscle inserting at the pelvic girdle. Thus, by increasing the length of the tongue retractors to a relatively minor extent, they were able to retract their tongues after projection and sustained only a small cost in retraction speed. Chameleons have strong tongue retractors due to the supercontractile properties of the muscle but are also 10 times slower than salamanders. Clearly, the constraints imposed by Bauplan and ecology define the morphological solutions in light of the mechanical demands imposed. Interestingly, however, on complete retraction of the tongue into the mouth, the tongue-retractor muscle in chameleons is no longer able to generate much force (Herrel et al. 2001a (Herrel et al. , 2002 . Although the overall prey-transport kinematics are similar in chameleons and agamid lizards (So et al. 1992; Herrel et al. 1996) , the hyoid rather than the tongue is recruited as the principal element ensuring prey transport and repositioning in chameleons as suggested by our data. Indeed, movements of the hyoid in chameleons are more extensive than in Pogona vitticeps ( ; ) while transporting identical F p 9.955 P p 0.040 1, 3.61 prey (Table 2) . Moreover, chameleons tend to use more transport cycles on average ( ; ), and each in-F p 5.79 P p 0.08 1, 3.45 dividual transport cycle takes significantly longer compared with Pogona ( ; ). Interestingly, on com-F p 72.25 P ! 0.001 1, 5.13 plete retraction, the hyoid nearly touches the sternum (Fig. 1) , and consequently the sternohyoideus muscle that runs from the sternum to the back of the basihyal must be contracting to more than 50% of its resting length. Although this suggests that this muscle may also be of the supercontracting type, an analysis of the ultrastructure of the m. sternohyoideus is needed to test this hypothesis. Plethodontid salamanders are probably faced with a similar problem because in rest, the tongueretractor muscle is slack and lies in a loop in front of the heart. Preliminary electromyographic data do suggest that the muscle is active during intraoral transport (S. Deban, personal observation), but unfortunately, little is known about the role of the tongue during prey transport in these animals. Future experiments involving sonomicrometry or cineradiography may help elucidate this further. An extreme specialization in function of the tongue in prey capture in chameleons and salamanders may obviously have consequences for other functions performed by the same system. Although these negative effects could potentially constrain the evolution of these extreme morphologies and behaviors, plethodontid salamanders have partly overcome these constraints by decoupling at least one function (respiration) from the tongue. Whether the specialization of the tongue affects the efficiency of prey transport, however, remains unknown. In the chameleons, the role of the tongue during prey transport has been shifted to the hyoid apparatus. However, this shift comes at a cost as evidenced by both the larger number of transport cycles needed to transport a prey and the greater transportcycle duration in comparison with a closely related lizard with a nonspecialized tongue, as suggested by our data. However, given the lifestyle of chameleons, characterized by cryptic colors and an extreme sit-and-wait foraging strategy, the incurred fitness cost of an increased prey-transport duration is probably minimal.
In summary, our review and data suggest extensive convergence in two distantly related taxa faced with similar mechanical demands on the use of the tongue during prey capture. When functional demands differ as a result of differences in ecology (as illustrated in the case of tongue retraction), the design of the system differs as well. Thus, our data suggest that the morphology of the prey-capture system in chameleons and plethodontid salamanders is the result of an extensive coevolution of ecology, function, and behavior.
